Abstract. The paper deals with the feasibility study of the sea state monitoring starting from X-band radar images. The exploitation of radar images allows to achieve a global vision of the sea state compared to the local vision given by the usual sensors as the buoys. The processing approach is based on the formulation of problem as an inverse one where starting from the electromagnetic field backscattered by the sea surface, the information about the sea state are retrieved. The reliability of the inversion procedure is shown by processing synthetic and experimental data where particular attention is focussed to the determination of the sea current and speed of the vessel.
Introduction
In recent years, the exploitation of the remote sensing observations based on radar systems for sea state monitoring has gained an increasing interest. In particular, radar systems allocated on ships and platforms allow one to assess, in real time and with high accuracy, the elevation of the sea waves and other parameters that characterize the sea state (Young et al., 1985; Ziemer et al., 1991; Nieto Borge et al., 2004; Nieto Borge and Guedes Soares, 2000; Nieto Borge, 1997; Hessner et al.,1985) .
From the point of view of the "physics", to gain such an information it is made possible by the electromagnetic interaction between the electromagnetic field radiated by a radar and the capillary waves on the surface of the sea (Plant and Keller, 1990; Wenzel, 1990) . Such an interaction, due to the phenomenon of resonance Bragg, arises a backscattered electromagnetic field that is modulated by the longer waves; accordingly, such a backscattered field, which is reCorrespondence to: F. Soldovieri (soldovieri.f@irea.cnr.it) ceived by the same radar, carries out information about the sea waves. More in detail, the electromagnetic field modulation is a nonlinear process due to three different causes: hydrodynamic modulation (HM), tilt modulation (TM), and shadowing (SH). HM describes the modulation of the energy of the ripples by the interaction with the longer waves; TM is the modulation due to the variation of the angle under which the sea wave surface is viewed by the radar; SH accounts for the electromagnetic shadowing of the sea surface by higher waves (Plant and Keller, 1990; Wenzel, 1990) . Due to these modulation effects, the radar image is not a "direct representation" of the sea state and thus the need of processing approaches arises with he aim of extracting the information about the sea surface state starting form the backscattered field.
In particular, data processing consists of an inversion procedure that, starting from the X-band radar images sequences, provides an estimation of the elevation of the sea surface meant as a function of the time and the spatial variables of the sea zone illuminated by the radar (Nieto Borge et al., 2004) .
In this framework, here we will present the results of the inversion approach, first for the case of simulated data and then for realistic measurements acquired from a radar located on a moving ship. In particular, for the realistic case, attention is focussed to the estimation of the marine surface current whose value is a decisive factor in ensuring the reliability of the overall monitoring. In particular, the estimation of the surface current has been performed by a strategy based on a "correlation" procedure between the measured signal and the theoretical model based on the dispersion relation accounting for the sea-state (Serafino et al., 2008) . 
Processing scheme
The flow-chart of the inversion scheme is depicted in Fig. 1 and briefly detailed in (Nieto Borge et al., 2004; Serafino et al., 2008) . First, the 3-D Fourier Transform of the space-time radar images sequence is computed; the second step consists in a spectral filtering via a dispersion relation in order to select the frequencies associated to the linear gravity waves that is the phenomenon of interest for the problem at hand (Nieto Borge et al., 2004; Serafino et al., 2008) ; then, the filtered radar spectrum is transformed to the sea spectrum by the Modulation Transfer Function (MTF) (Nieto Borge et al., 2004) ; finally, the filtered and modulated spectrum is Fourier transformed to provide the sea state images in the space-time domain.
The second step, i.e., the spectral filtering one, has the crucial effect on the quality of the overall inversion procedure and the reliability of such a step is based on the use of the right dispersion relation (Serafino et al., 2008) . The exploitation of the correct dispersion relation depends on the sea surface current intensity. In fact, when the surface currents are not correctly determined and/or accounted for in the dispersion relation, the results of the overall inversion are quite poor. This difficulty is further increased when the values of the surface current become high or if the data are acquired by moving ships, since in these cases the problem of the determination of the current is quite complicated and in addition particular attention has to be made to the filtering procedure. The measure of the sea surface currents is not typically available by independent observations and then such an information has to be estimated directly from the radar data. In the Section below, we will present the results about the estimation of the surface current achieved by the method presented in (Serafino et al., 208 ) based on the "correlation" between the measured spectrum and the characteristic function having as a support the one of the dispersion relation.
Simulated data and numerical result
The inversion procedure presented in the Section above has been firstly applied to synthetic data.
A 2-D numerical wavemaker (Lugni, 1999) has been exploited to reproduce the physical conditions existing in a real wave tank (see Fig. 2 ) with the values of the geometrical parameters that are given in Table 1 . The spatial and time evolution of a free-surface ∂ SL wave train, generated through a hinged paddle ∂ c moving with angular velocity • α(t), has been investigated by an non viscid model. In this framework the mathematical statement is described through the Laplace equation for the velocity potential function. Once the velocity potential is computed on the boundary domain, the nonlinear free-surface equations are stepped forward by a fourthorder Runge-Kutta scheme and the motion of the wavemaker is updated.
To save computational time and memory for the simulation of long time wave evolution, a domain decomposition technique has been used (Wang et al., 1995) . Further details of the numerical model used as well as of the treatment of the free-surface can be found in Lugni (1999) .
A JONSWAP sea spectrum with H 1/3 =8.8 cm and T 0 =1.967 s has been reproduced in the numerical wave tank for the present case. A factor scale 20 has been used to reconstruct the wave elevations corresponding to the full scale sea state SS4 (H 1/3 =1.76 m and T 0 =8.8 s). Here H 1/3 represents the significant wave height, and T 0 the modal period associated with the prescribed spectrum.
After the generation of the simulated waves, the radar data have been simulated by the procedure in (Nieto Borge et al., 2004) ; in particular, we have considered the two most important modulation effects such as the shadowing (SH) and the tilt (TM) ones.
Finally, the radar data have been processed by the inversion procedure presented in Sect. 2. Figure 3 shows the reconstruction of the wave height compared with the input data sequences, referred to the following time instants: 36 s, 55 s and 78 s, respectively.
To implement a statistical analysis of the result provided by the inversion procedure we have computed and compared the reconstructed significant wave value and the modal period with the ones of the input data. The obtained values are: T 0 =8.8 s referred to the simulated input data, T 0 =9.0 s referred to the reconstruction. and the estimated parameters are almost coincident demonstrating the high accuracy of the inversion technique.
Radar system and real data processing
The processing chain is then applied to experimental data.
The system used for acquiring and storing the data is the WAVEX (Marine Radar Wave Extractor) system. This system provides real time information on sea state parameters starting by images acquired by a conventional marine X-band radar mounted on a moving vessel The raw data consist of a sequence of 32 images, each one made up of 600×600 pixels. The total extent of each image is about 10 km 2 while time span corresponding to a complete acquisition is 76.8 s. Figure 4 shows a sequence (first two and last one of 32) of raw data images recorded on 22 November 2007 in the area of the Mediterranean sea between Malta and Sicily islands. In particular, the proposed method estimated an equivalent surface current of 8.2 m/s that accounts also for the vessel speed provided by GPS measurement and equal to about 8 m/s.
Conclusions
This work has dealt with the problem of the sea state parameters monitoring by starting from marine radar images acquired by a fixed platform or a moving ship. In particular, the problem has been stated as an inverse one and the solution approach is based on different steps mainly related to www.adv-geosci.net/19/83/2008/86 F. Serafino et al.: Sea surface topography reconstruction from X-band radar images Fourier transform and filtering procedures. One of the crucial factors affecting the filtering procedures is the surface current intensity that has to be estimated by the same radar data.
In this paper, we have presented the results achieved by a novel strategy to determine the surface current. The effectiveness of the overall reconstruction procedure has been validated first with synthetic data, generated by a 2-D wave maker, and then thanks to realistic radar data collected by a moving vessel.
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